Type 1 diabetes mellitus (T1DM) has cumulative deleterious effects on many systems in the body. These complications can begin to develop during childhood and adolescence ([@B1]--[@B3]). The effects of T1DM on central nervous system structure are controversial and not well understood. However, recent retrospective, cross-sectional magnetic resonance imaging (MRI) brain studies have reported differences in gray or white matter integrity associated with hypoglycemia or hyperglycemia in youth and adults with T1DM ([@B4]--[@B6]). These findings suggest that exposure to glycemic extremes while the brain is developing may alter the specific pathways or regions in the brain. That determination may inform treatment strategies for children with T1DM, by the determination of the risk-to-benefit ratio of strict versus permissive glycemic control.

It has been hypothesized that prolonged exposure to hyperglycemia causes mitochondrial dysfunction and increased oxidative stress, leading to cell death in the dependent brain regions ([@B7]--[@B12]). It is not clear how these proposed mechanisms may differ in the developing brain. In addition, there is some evidence from animal models that hyperglycemia impedes myelination in the developing brain ([@B13]). In animal ([@B14],[@B15]) and human ([@B16]--[@B19]) case studies, severe hypoglycemia has been reported to induce cell death in the brain, possibly through excitotoxic or apoptotic processes ([@B20]--[@B22]). In developing animals, a single moderate episode of hypoglycemia has been shown to induce cell death in the cortex but spare the subcortex. Limited evidence suggests that the degree of these effects in part depends on the neurodevelopmental stage at which the hypoglycemic episode is experienced ([@B23],[@B24]). These findings, primarily from animal models, highlight the possibility that extreme glycemic states could interact with brain development to alter the normal trajectory of the brain in childhood and adolescence.

In general, youth with T1DM do not differ in brain volume compared with nondiabetic siblings in cross-sectional, retrospective MRI studies ([@B5]). Within T1DM, however, qualitatively different associations have been found between prior exposure to severe hypoglycemia or hyperglycemia and regional gray and white matter volumes. These changes were significant despite the relatively short duration of T1DM (on average 5.7 years) and limited exposure to blood glucose extremes. While retrospective analyses may identify regions that are vulnerable to long-term exposure to glycemic extremes, they cannot identify brain regions that are changing within a restricted window of time for a given age-group. In addition, they cannot rule out preexisting brain differences across groups. Longitudinal, prospective assessment is necessary to establish whether glycemic control causes short-term changes in brain volume from an established baseline during development. Indeed, logitudinal methods are preferred for studies of normal brain development because they provide greater sensitivity to detect smaller regional changes and complex trajectories ([@B25]).

To address these issues, we acquired structural brain images of youth with T1DM and their nondiabetic control (NDC) siblings twice, separated by 2 years of prospective monitoring of glucose control. Images were analyzed to determine whether exposure to hyperglycemia or hypoglycemia during those 2 years altered the developmental trajectory of brain volumes within the T1DM group.

RESEARCH DESIGN AND METHODS {#s5}
===========================

Youth aged 7--17 years with T1DM were recruited from the Diabetes Clinic at the Department of Pediatrics at Washington University in St. Louis. NDC siblings of enrolled T1DM patients were also invited to participate. Potential participants were excluded for mental retardation, chronic disease other than T1DM (e.g., hypothyroidism), significant neurologic history not caused by diabetes, reported diagnosed or currently treated psychiatric disorder, and current use of psychoactive medications, birth premature more than 4 weeks and with complications, pregnancy, and contraindications to MRI (e.g., metal implants). T1DM participants were required to have been diagnosed and on insulin for at least 2 years at study entry. Handedness was assessed with a modified Edinburgh Handedness Inventory ([@B26]). Procedures were approved by the Washington University School of Medicine's Human Research Protection Office, and all participants and their parents or guardians provided signed, informed consent. Participants attended appointments at study entry (Time 1) and after 2 years (Time 2). Imaging data from Time 1 has been analyzed and reported previously ([@B5]).

Clinical variables. {#s6}
-------------------

During the 2-year follow-up period, participants and their parents were asked to report any severe hypoglycemic episodes as they occurred. Study staff met with the families at every clinic visit (\~3 times per year) to ask explicitly if any significant diabetes-related events had been experienced. A detailed description of each hypoglycemic event was elicited, including circumstances surrounding the event, a comprehensive list of symptoms, and how the event was treated. For analyses, "severe hypoglycemia" was defined as events requiring assistance for treatment by someone other than the patient or those involving neurologic dysfunction including seizure, loss of consciousness, or inability to arouse from sleep ([@B27]). At Time 2, patients and parents were interviewed about severe glycemic events since Time 1 in order to verify the absence of hypoglycemic episodes or catch any episodes not previously reported during the study. Medical records were also reviewed for severe hypoglycemic episodes or absence of episodes. Hyperglycemic history over the 2-year follow-up was estimated by averaging all HbA~1c~ test results collected from participants' medical records from the Diabetes Clinic. In addition, data from self-monitoring blood glucose devices were acquired throughout the 2-year period. Glucose meter data were downloaded at clinic visits or separate visits or were sent via e-mail in order to ensure complete ascertainment. To quantify mild hypoglycemia, the percentage of glucose readings \<60 mg/dL was calculated for each subject. The percentage of readings \>300 mg/dL, average, and standard deviation of blood glucose readings were also calculated. To ensure that glucose meter data reasonably represented the 2-year period, only subjects with glucose reading data on \>85% of days of follow-up were included in glucose reading analyses.

Image acquisition. {#s7}
------------------

Structural images were acquired at entry (Time 1) and after 2 years (Time 2) for each subject on a Siemens Sonata 1.5 Tesla imaging system with a standard Siemens 30-cm circularly polarized RF head coil. At each time point, 3--5 images consisting of 128 contiguous, 1.25-mm sagittal slices were acquired using magnetization prepared rapid gradient echo (MPRAGE) (TR = 1,900 ms, TE = 3.93 ms, flip angle = 15°, matrix = 256 × 256 pixels, voxel size = 1 × 1 × 1.25 mm, each image = 7 min, 7 sec). For each subject at each time point, 3 high-quality T1 images were averaged after being coregistered by an automated, validated technique ([@B28]).

Image processing. {#s8}
-----------------

Averaged images were prepared for analysis with Statistical Parametric Mapping software (SPM8; Wellcome Department of Cognitive Neurology), as depicted in [Fig. 1](#F1){ref-type="fig"}. This processing stream was similar to published methods ([@B29]) modified to utilize recently developed high-parameter nonlinear registration techniques ([@B30]).

![Process by which images were prepared for analysis: *1*) Unified segment and bias-correction. Images were segmented into gray matter, white matter, and cerebrospinal fluid, and field inhomogeneity-corrected images were produced with SPM8's "unified segment" module ([@B49]). From the next step forward, image preparation steps were performed on gray and white matter segmented images separately. *2*) DARTEL import. Gray and white matter segmented images were imported into Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL), a component of SPM8 that determines an average-shaped template from all provided images and calculates high dimensional spatial flow fields between each image and the template ([@B30]). During import, images were rigidly aligned and resampled to 1.5 mm cubic voxels. *3*) Within-subject DARTEL. For each subject, DARTEL was used to calculate flow fields between Time 1 and Time 2 segmented images and a subject-specific gray or white matter template, which can be considered an image halfway between Time 1 and Time 2. We refer to the within-subject flow fields as "A1" for the warp between Time 1 and subject template and "A2" as the warp between Time 2 and subject template. *4*) Between-subject DARTEL. DARTEL was used to calculate flow fields from each subject template to a simultaneously calculated group template, an image representing all 100 subjects. We refer to the warp parameters between subject template and group template as "B."*5*) A 12-parameter affine transformation from the group template to Montreal Neurologic Institute (MNI) template was calculated for ease of interpretation of coordinate results. We refer to the affine transform from group template to MNI space as "C." *6*) Within-subject flow fields (A1 and A2) were applied, respectively, to inhomogeneity-corrected whole brain Time 1 and Time 2 images (produced in Step 1). We averaged the nonzero voxels of the resulting coregistered pair of images. *7*) Each subject's mean image was segmented into gray matter and white matter tissue with SPM8's unified segment module. *8*) A composition of warps from subject template space to MNI space was calculated with SPM's deformations utility: \[subject template to group template\] ^o^ \[group template to MNI\], or \[B ^o^ C\]. Composing warps so that they may be applied simultaneously prevents errors that would be introduced by resampling the images multiple times. *9*) Composed warps \[B ^o^ C\] were applied to the gray and white matter images produced in Step 7, resulting in segmented images in MNI space. Since the spatial normalization information from subject to MNI space came from the subject-specific template, each time point contributed to the normalization, avoiding potential bias caused by applying normalization parameters of a single time point to both time points. *10*) A composition of warps from each time point to MNI space was calculated with the deformations utility: \[A1 ^o^ B ^o^ C\] and \[A2 ^o^ B ^o^ C\]. *11*) The MNI-registered segments were then "modulated" by (multiplied by the Jacobian determinant of) the warps from step 10 to preserve quantitative volume. The influence of independent normalization of each time point was minimized by applying Time 1 and Time 2 Jacobian determinants to the same segments. This resulted in MNI-registered Time 1 and Time 2 gray and white matter segmented images whose intensities correspond to units of volume. *12*) MNI-registered Time 1 and Time 2 images were smoothed with a Gaussian kernel 8-mm full-width at half-maximum. *13*) Time 1 segment images were subtracted from Time 2 segment images to create images representing change in gray or white matter volume over time. These different images were entered into statistical models to relate brain volume changes over time to variables of interest such as hypoglycemia and hyperglycemia exposure. ImCalc, image calculator.](3006fig1){#F1}

Whole brain volume analyses. {#s9}
----------------------------

Whole brain gray and white matter volumes were calculated by summing all voxel intensities in the modulated (volume) images produced in Step 10 ([Fig. 1](#F1){ref-type="fig"}). Repeated-measures general linear models were used to analyze the change in whole brain gray or white matter volumes over time with respect to diagnostic group (T1DM vs. NDC, covarying age and sex) or with respect to severe hypoglycemia category (no hypoglycemia vs. any hypoglycemia vs. NDC). Hierarchical linear regressions were used to analyze the continuous independent variables such as hyperglycemia exposure (mean HbA~1c~ levels during follow-up) or mild hypoglycemia (% of readings \<60 mg/dL) within the T1DM group, covarying age, sex, and age of onset. To compare effects found in these analyses within the T1DM group with those found in the NDC group, we categorized T1DM subjects into exposure groups and performed univariate or repeated-measures analyses with group as the independent variable. Hyperglycemia categories were determined by rough clinical guidelines for HbA~1c~ levels in T1DM, as follows: low, \<7.5%; medium, average 7.5--8.9%; and high, average ≥9%. If any main effects or interactions were significant from these analyses (*P* \< 0.05), they were then explored with post hoc comparisons.

Voxel-wise analyses. {#s10}
--------------------

Statistical analyses of the difference images were restricted by gray or white matter masks defined as including voxels at which any subject in the model had a segmented intensity greater than 0.1 (10% probability of belonging to the tissue class) in either the Time 1 or Time 2 image. This procedure minimized inclusion of low-intensity voxels possibly belonging to other tissue classes ([@B31]), while including voxels with probabilities that may have increased or decreased over time across the threshold of 0.1. Images were analyzed using SPM8, with standard parametric tests (e.g., regressions) at each voxel, resulting in statistical parametric maps (SPMs) where every voxel's intensity corresponds to a *t* value. Statistical images were thresholded to show only voxels with *t* values corresponding to *P* \< 0.001 prior to multiple comparison correction (height threshold). Clusters of voxels that survived the height threshold were then examined for significance. The probability of a cluster of a given size was corrected for multiple comparisons according to the number of independent observations (resolution elements or resels), calculated by the SPM smoothness estimation, which was based on the intercorrelatedness of the voxels (using the stat_threshold script from Worsley's fmristat package) ([@B32]). We additionally took into account the smoothness (intercorrelatedness) of the voxels within the cluster (local smoothness). With the method we used ([@B33]), if the cluster appeared in a highly intercorrelated area, a stricter threshold must be crossed to attain significance.

For severe hypoglycemia, voxel-wise independent sample *t* tests were performed for comparisons between groups, defining contrasts in each direction (e.g., any hypoglycemia \> no hypoglycemia and any hypoglycemia \< no hypoglycemia). For hyperglycemia and mild hypoglycemia according to glucose meter results, voxel-wise multiple regressions were performed using average HbA~1c~ (hyperglycemia) or percent of readings \<60 mg/dL (mild hypoglycemia) as continuous variables. Contrasts were performed in each direction (negative and positive correlations).

Age and sex were included as covariates for all models. In models using only diabetic subjects, age of diabetes onset was also covaried. Cluster-level multiple-comparison and smoothness-corrected *P* values \<0.05 were considered significant.

RESULTS {#s11}
=======

Of the total number of subjects initially enrolled in this study at Time 1 (125 T1DM and 62 NDC), we were able to evaluate 89% of the T1DM subjects (*n* = 111) and 80% of the NDC subjects (*n* = 50) after 2 years of follow-up. The subjects that moved out of the area, chose to drop out of the study, or did not return calls (*n* = 26; 14 T1DM and 12 NDC from 15 families) were not different in mean age \[mean age = 12.6 years; *t*(124) = −0.15, *P* = 0.88\] but were lower in mean parent educational level (14.4 years) compared with those included in the neuroimaging analyses ([Table 1](#T1){ref-type="table"}) \[*t*(119)=1.99, *P* = 0.049\]. Of those that returned for follow-up, an additional 36 T1DM and 25 NDC subjects were excluded from our neuroimaging analyses for various reasons. The two most common reasons were poor image quality or missing images at either time point (orthodontia, *n* = 27; too young for scanning at Time 1, *n* = 15; movement in scanner, *n* = 5; claustrophobia, *n* = 4) and new-onset exclusion criteria during follow-up (*n* = 9). In addition, one T1DM subject whose Time 2 appointment occurred much later than the rest of the participants (2 years and 3 months) was excluded. The excluded participants tended to be younger (10.1 years) than those included in the neuroimaging analyses, as expected ([Table 1](#T1){ref-type="table"}) (*t* = 4.5, *P* \< 0.001), but parent education (15.2 years) was similar to those included ([Table 1](#T1){ref-type="table"}) (*t* = 0.33, *P* = 0.74). After application of all exclusion criteria and MRI quality control, as described above, a total of 75 youth with T1DM (60% of the original group) and 25 NDC siblings (40% of the original group) were included in these analyses.

###### 

Demographic and clinical variables of NDC and T1DM groups

                                                                               NDC          T1DM
  ---------------------------------------------------------------------------- ------------ ------------
  *n*                                                                          25           75
  Age at Time 1 (years)                                                        12.5 (2.6)   12.5 (2.8)
  Male/female (% male)                                                         12/13 (48)   48/27 (64)
  Right handed/other (% right handed)                                          24/1 (96)    65/10 (87)
  Parent education (years)                                                     15.5 (1.9)   15.0 (2.1)
  Age of diabetes onset (years)                                                ---          7.0 (3.3)
  Severe hypoglycemic episodes during 2-year follow-up (*n*)                   ---          0.6 (2.0)
  Participants with any severe hypoglycemic episodes during 2-year follow-up   ---          19 (25)
  Mean HbA~1c~ during 2-year follow-up                                         ---          8.6 (1.4)
  Participants with ketoacidosis during 2-year follow-up                       ---          10 (13)

Data are means (SD) and *n* (%) unless otherwise indicated.

We received \>85% of days of glucose meter data from the majority of T1DM participants in these analyses (*n* = 63 of 75). The 12 subjects excluded from mild hypoglycemia analyses because of insufficient glucose meter data had higher 2-year mean HbA~1c~ levels than subjects included (mean 9.4 vs. 8.4%, *P* = 0.02). One additional subject with 22.8% of readings \<60 mg/dL was excluded as an outlier in order to avoid skewing results. For included subjects (*n* = 62), the mean percentage of follow-up days of glucose meter data received was 97% (SD 3.9), and the mean number of glucose readings received was 2,827 (SD 1,308).

Blood glucose checks were conducted before or after the MRI scan, as needed. We analyzed blood glucose levels obtained within 30 min of the scan time when these data were available. Of the 75 T1DM subjects, we obtained valid glucose levels from 49 subjects at Time 1 and 54 subjects at Time 2. The average blood glucose level at the Time 1 scan was 181 mg/dL (SD 84; acquired on average 14 min from scan time). The average blood glucose at the Time 2 scan was 191 mg/dL (SD 96; acquired on average 10 min from scan time). Time 2 glucose levels did not correlate with average HbA~1c~ over the 2-year follow-up period (*r* = 0.006, *P* = 0.97) and were not different between those who experienced hypoglycemia and those who did not (*t* = 1.4, *P* = 0.17).

T1DM versus NDC subjects {#s12}
------------------------

### Demographic and clinical variables. {#s13}

The mean follow-up duration was 2 years and 6 days (736 days; SD 11 days, range 718--772 days). T1DM and NDC groups did not differ significantly in age at Time 1 (*t* = −0.12, *P* = 0.91), duration of interval follow-up (*t* = −1.08, *P* = 0.28), parent education (*t* = 1.09, *P* = 0.28), or racial/ethnic minority status (χ^2^ = 0.31, *P* = 0.58) ([Table 1](#T1){ref-type="table"}). Groups did not differ in the proportion of male to female subjects (χ^2^ = 2.00, *P* = 0.16) ([Table 1](#T1){ref-type="table"}) or in the proportion of left-handed or ambidextrous subjects (χ^2^ = 1.76, *P* = 0.19).

### Whole brain volume analyses. {#s14}

For whole brain gray matter, repeated-measures general linear modeling revealed a main effect of time \[*F*(1,95) = 12.1, *P* = 0.001\] but no main effect of group \[T1DM vs. NDC; *F*(1,96) = 2.01, *P* = 0.16)\] or interaction between time and group \[*F*(1,96) = 0.09, *P* = 0.77\]. Likewise, for whole brain white matter, there was a main effect of time \[*F*(1,96) = 56.8, *P* \< 0.001\], but no main effect of group \[F(1,96) = 1.3, *P* = 0.26\] or interaction between time and group \[*F*(1,96) = 0.29, *P* = 0.59) ([Table 3](#T3){ref-type="table"}).

### Voxel-wise analysis. {#s15}

After correction for multiple comparisons, there were no regional differences between the groups.

Hyperglycemia {#s16}
-------------

### Clinical and demographic variables. {#s17}

The mean number of HbA~1c~ tests per T1DM participant during the 2 years of follow-up was 5.4 (SD 1.0; range 3--8 tests); the mean 2-year HbA~1c~ level for all T1DM participants was 8.6% (SD 1.4). Given that only 10 participants (13%) experienced a severe hyperglycemic event (hospitalization for ketoacidosis or high blood glucose with vomiting), these data were not analyzed.

Although mean HbA~1c~ was used for voxel-wise and whole brain correlational analyses, we also divided T1DM subjects into HbA~1c~ subgroups so that they could be directly compared with the NDC group. HbA~1c~ subgroups were defined as low (mean \<7.5%), medium (mean 7.5--9%), and high (mean ≥9%) and were similar in age and other characteristics ([Table 2](#T2){ref-type="table"}). Since mean glucose levels from meter readings, percentage of readings \>300 mg/dL, and SD of glucose readings correlated highly with 2-year mean HbA~1c~ (*r* \> 0.84, *P* \< 0.001), these variables were not investigated further.

###### 

Demographic and clinical variables for T1DM subgroups

                                                                               No hypo      Any hypo     HbA~1c~ (%)                
  ---------------------------------------------------------------------------- ------------ ------------ ------------- ------------ ------------
  *n*                                                                          49           19           15            44           16
  Age at Time 1 (years)                                                        12.8 (2.7)   11.8 (3.1)   13.0 (3.6)    12.2 (2.7)   12.9 (2.6)
  Male/female (% male)                                                         31/18 (63)   13/6 (68)    11/4 (73)     29/15 (66)   8/8 (50)
  Right handed/other (% right handed)                                          43/6 (88)    16/3 (84)    13/2 (87)     38/6 (86)    14/2 (88)
  Parent education (years)                                                     14.6 (2.2)   15.6 (1.9)   15.4 (2.3)    15.0 (2.1)   14.5 (1.9)
  Age of diabetes onset (years)                                                7.0 (3.6)    6.8 (2.9)    6.8 (3.0)     6.7 (3.5)    7.7 (3.4)
  Severe hypoglycemic episodes during 2-year follow-up                         0            2.3 (0.6)    0.2 (0.4)     0.8 (2.7)    0.5 (0.7)
  Participants with any severe hypoglycemic episodes during 2-year follow-up   0 (0)        19 (100)     3 (20)        11 (25)      5 (31)
  Mean HbA~1c~ during 2-year follow-up                                         8.5 (1.4)    8.5 (1.3)    7.1 (0.4)     8.2 (0.4)    10.8 (1.2)
  Participants with ketoacidosis during 2-year follow-up                       5 (10)       3 (16)       1 (6)         6 (14)       3 (19)

Data are means (SD) and *n* (%) unless otherwise indicated. Hypo, hypoglycemia.

### Whole brain analyses. {#s18}

Hierarchical linear regression revealed that higher 2-year mean HbA~1c~ was associated with greater decreases in whole brain gray matter after controlling for age, sex, and age of onset \[*F* change(1,62) = 6.1, *P* = 0.017\]. To compare with NDC, we performed general linear modeling analyses using HbA~1c~ subgroups and the NDC group. This analysis revealed a main effect of time \[*F*(1,94) = 10.2, *P* = 0.002\], and an interaction between time and group \[*F*(3,94) = 3.3, *P* = 0.025\] ([Table 3](#T3){ref-type="table"}). Pairwise comparisons showed that the high-HbA~1c~ group had a significantly greater percent decrease in whole brain gray matter over time than the low-HbA~1c~ (*P* = 0.04) and medium-HbA~1c~ subgroups (*P* = 0.002), but not compared with the NDC group (*P* = 0.06) ([Fig. 2*A*](#F2){ref-type="fig"}). Change in whole brain white matter was not associated with mean HbA~1c~ \[*F* change(1,62) = 0.45, *P* = 0.51\].

###### 

Whole brain gray and white volume at each time point for NDC and T1DM groups and T1DM subgroups (in milliliters)

                             NDC              T1DM             No hypo          Any hypo         HbA~1c~ (%)                       
  -------------------------- ---------------- ---------------- ---------------- ---------------- ---------------- ---------------- ----------------
  *n*                        25               75               49               19               15               44               16
  Whole brain gray volume                                                                                                          
   Time 1                    820.09 (82.09)   853.94 (74.24)   859.51 (78.75)   847.94 (57.77)   873.42 (86.45)   854.96 (63.92)   832.89 (87.43)
   Time 2                    809.87 (81.75)   844.84 (75.97)   850.72 (81.99)   838.81 (54.94)   863.63 (86.31)   849.16 (66.02)   815.36 (87.69)
  Whole brain white volume                                                                                                         
   Time 1                    448.16 (51.11)   466.69 (49.48)   472.81 (52.94)   457.32 (40.34)   481.49 (53.02)   462.38 (44.11)   464.66 (60.00)
   Time 2                    452.18 (49.18)   471.71 (50.29)   451.16 (43.16)   461.27 (40.21)   484.39 (50.55)   469.48 (46.40)   465.98 (60.90)

Data are means (SD) unless otherwise indicated. Hypo, hypoglycemia.

![*A*: Mean ± SEM percent change in whole brain gray matter across hyperglycemia subgroups and NDCs. \*Different from other HbA~1c~ groups (*P* \< 0.05) and marginally different from NDC (*P* = 0.06). *B*: Occipital/parietal white matter across severe hypoglycemia subgroups and NDCs. \*Different from other groups (*P* \< 0.05). *C*: Statistical image showing occipital/parietal region where T1DM with any hypoglycemia differ from T1DM with no hypoglycemia. Hypo, hypoglycemia. (A high-quality digital representation of this figure is available in the online issue.)](3006fig2){#F2}

### Voxel-wise analyses. {#s19}

Voxel-wise analyses revealed no relationships between HbA~1c~ and gray or white matter regions.

Hypoglycemia {#s20}
------------

### Clinical and demographic variables. {#s21}

Severe hypoglycemia: Nineteen T1DM subjects (25%) experienced one or more episodes meeting our criteria for severe hypoglycemia during the 2-year follow-up. This included 12 participants with a single episode, 4 with two episodes, and 3 with three or more episodes. Of these 19 participants, 7 experienced at least one episode with loss of consciousness and 4 experienced episodes with seizures. Analyses of the effects of severe hypoglycemia excluded 7 participants whose medical charts or interviews mentioned hypoglycemia but lacked sufficient details to categorize according to our strict definition of severe hypoglycemia. The 19 participants with severe hypoglycemic events during follow-up were compared with 49 participants with no severe hypoglycemia during follow-up. Age, sex, 2-year mean HbA~1c~, handedness, duration of diabetes, and age of onset of diabetes did not differ between these groups. T1DM participants with severe hypoglycemia during follow-up were more likely to have a prior history of severe hypoglycemia (χ^2^ = 5.2, *P* = 0.02).

Mild hypoglycemia:The percentage of glucose meter readings \<60 mg/dL ranged from 0.1 to 10.6% (mean 4.9%, SD 2.7) and did not differ between participants with (*n* = 15) and without (*n* = 43) severe hypoglycemic episodes during follow-up.

### Whole brain volume analyses. {#s22}

For whole brain gray matter, repeated-measures analyses revealed a main effect of time \[*F*(1,88) = 11.1, *P* = 0.001\] but no main effect of severe hypoglycemia group (no hypoglycemia, any hypoglycemia, NDC; *F*(1,88) = 1.7, *P* = 0.19\] or interaction between time and group \[*F*(1,88) = 0.50, *P* = 0.61\]. For whole brain white matter, there was also a main effect of time \[*F*(1,88) = 55.9, *P* \< 0.001) but no main effect of group \[*F*(1,88) = 1.6, *P* = 0.21\] or interaction between time and group \[*F*(1,88) = 2.53, *P* = 0.09\]. Rate of mild hypoglycemia did not correlate with whole brain gray or white matter change ([Table 4](#T4){ref-type="table"}).

###### 

Summary of whole brain and voxel-wise analyses and results by group and variable

                        Significant effects of diagnosis or exposure
  --------------------- -----------------------------------------------------------------------------------
  T1DM vs. NDC          
   Whole brain          
    Gray                None
    White               None
   Voxel-wise           
    Gray                None
    White               None
  Hyperglycemia         
   Whole brain          
    Gray                Higher HbA~1c~ → greater decrease over time
    White               None
   Voxel-wise           
    Gray                None
    White               None
  Severe hypoglycemia   
   Whole brain          
    Gray                None
    White               None
   Voxel-wise           
    Gray                None
    White               Any severe hypoglycemia → greater decrease in occipital/parietal region over time
  Mild hypoglycemia     
   Whole brain          
    Gray                None
    White               None
   Voxel-wise           
    Gray                None
    White               None

### Voxel-wise analyses. {#s23}

Severe hypoglycemia: There was no significant effect of the categorical presence/absence of severe hypoglycemia on regional gray matter. However, there was a significant effect of severe hypoglycemia on regional white matter in the occipital/parietal cortex (P = 0.02; peak coordinates −9, −86, 27; extent 1,018 voxels or 3.4 ml; near Brodmann's areas 7, 18, and 19) ([Fig. 2*C*](#F2){ref-type="fig"}). To explore how our severe hypoglycemia subgroups differed from NDC subjects in this region, the volume in this cluster was examined with repeated-measures general linear modeling analyses with group as the between-subjects variable and time as the repeated measure, covarying age and sex. White matter in this region decreased over time at a greater rate in T1DM subjects with severe hypoglycemia than in T1DM subjects with no severe hypoglycemia or NDC \[univariate ANOVA, main effect of group, F(2,88) = 9.6, P \< 0.001; post hoc comparisons, any hypoglycemia group different from other groups, P \< 0.05\] ([Fig. 2*B*](#F2){ref-type="fig"}).

Mild hypoglycemia: Rate of mild hypoglycemia among all T1DM subjects with valid glucose meter data (*n* = 62) did not correlate with any regional gray or white matter change.

### Blood glucose at the time of scans. {#s24}

Blood glucose at the Time 1 scan did not correlate with whole brain gray matter (*r* = 0.11, *P* = 0.38), white matter (*r* = 0.02, *P* = 0.85), or cuneus volume at Time 1 (*r* = −0.10, *P* = 0.43) after controlling for age and sex (*n* = 49). Blood glucose at the Time 2 scan did not correlate with whole brain gray matter (*r* = −0.11, *P* = 0.38), white matter (*r* = −0.12, *P* = 0.33), or cuneus volume at Time 2 (*r* = −0.13, *P* = 0.32) after controlling for age and sex (*n* = 54).

DISCUSSION {#s25}
==========

This study represents an important step toward understanding how glycemic extremes associated with diabetes affect the brain during development. Our unique longitudinal neuroimaging design revealed that, in general, youth with diabetes do not differ significantly from control subjects in brain development over a 2-year time period. However, within the diabetes group, we found qualitatively different effects of hyperglycemia and severe hypoglycemia on brain development ([Table 4](#T4){ref-type="table"}). These effects could be detected after 2 years of observation, and for some of the results these effects were also significantly different from those of NDC subjects, suggesting a subtle deviation from normal developmental patterns.

In previous cross-sectional neuroimaging studies ([@B4]--[@B6]), severe hypoglycemia and hyperglycemia have been shown to be associated with qualitatively different brain volume patterns. This finding would be expected if glycemic extremes caused these differences, as each are thought to have different neurobiological consequences. An alternative interpretation, which we cannot rule out based on cross-sectional studies, might be that these differences precede altered glycemic exposure and are merely markers of individual cognitive or physiologic differences that influence whether someone is more or less likely to have poor glycemic control. The strength of the current longitudinal study design is that it examines change from a baseline in response to prospectively ascertained glycemic control. The results shown here bolster the hypothesis that extreme glycemic exposure plays a causal role in producing structural brain changes during development. This interpretation is supported by the work of Northam and colleagues ([@B4],[@B34],[@B35]), who find that newly diagnosed children with T1DM have cognitive function similar to that of healthy control subjects but that selective cognitive impairments begin to develop with time and exposure to hyperglycemia or severe hypoglycemia.

Given that longitudinal neuroimaging studies of T1DM subjects have not been previously published, our results here can only be compared with the existing cross-sectional studies, which differ in the time span assessed (e.g., lifetime exposure vs. our 2-year follow-up) and could be confounded by individual differences at baseline. For example, our retrospective study ([@B5]) revealed effects of lifetime exposure to hyperglycemia (occipital/parietal gray and matter volume reductions) and severe hypoglycemia (lateral temporal-parietal-occipital gray matter volume reduction) on the brain, but the regions and effects were different from what we report here in our prospective design. While consistency between analyses might have been easier to interpret, the discrepancy is not unexpected given the many differences between the two study designs. For instance, the independent variables (exposure from diagnosis to Time 1 vs. exposure over a 2-year period) and dependent variables (brain volume at Time 1 vs. change in brain volume over a 2-year period) are qualitatively different. The age-range over which glycemic exposure variables were derived were also different (retrospective: ages 1--16 years; prospective ages 7--18 years), which could be important given the possibility of differential effects on the brain of exposure to glycemic extremes depending on the developmental stage at which they were experienced ([@B23],[@B24],[@B36]). Thus, these analyses are complementary and necessary to obtain the most comprehensive understanding of interactions between brain development and glycemic exposure.

We found that hyperglycemia exposure was associated with an accentuated decrease in whole brain gray matter over a 2-year time period in youth with T1DM. This finding is consistent with studies in T1DM adults that found indications of decreased total brain volume compared with control subjects ([@B37]--[@B39]). These findings also suggest that hyperglycemia may have a broad impact on gray matter across the brain, particularly during development. Understanding the mechanisms behind these findings will require further investigation.

We found that exposure to severe hypoglycemia over a 2-year period was associated with greater decreases in regional white matter volume in the precuneus/cuneus region compared with those individuals who did not experience severe hypoglycemia. Interestingly, occipital white matter damage and more general white matter abnormalities have been noted following neonatal hypoglycemia ([@B40]--[@B42]). Impaired white matter microstructural integrity in occipital cortex has also been reported in adults with diabetes ([@B43]), although these changes were not linked to hypoglycemia. Interestingly, slice culture studies have reported that hypoglycemia can impair myelinated fiber formation and trigger apoptotic cell death in oligodendrocyte precursor cells ([@B44]), providing a possible mechanism for these brain imaging findings. Notably, our previous work ([@B5]) found reduced white matter in the precuneus/cuneus region associated with hyperglycemia, not hypoglycemia, exposure. Overall, these results highlight the potential vulnerability of occipital and parietal white matter in T1DM, but also suggest that the mechanism of the vulnerability (hypoglycemia vs. hyperglycemia vs. T1DM) may be more difficult to discern. This region of the brain is associated with higher-order visual function as well as other more complex cognitive processes (e.g., monitoring internal thoughts, memory retrieval) ([@B45],[@B46]). Memory and visuospatial function has been found to be affected by diabetes and by exposure to extreme glycemic states ([@B47],[@B48]); however, data supporting a direct link between reduced white matter volume in this region and alterations in cognitive function in diabetes have not been reported.

This report has several important strengths. We present analyses from a novel, longitudinal study using sophisticated image registration and conservative statistics. The high-parameter registration process enables detection of subtle changes within subjects and valid comparisons between subjects, accounting for minor variations in anatomy. Modulation of mutually aligned time points reduced the possibility that observed differences were caused by disparities in registration of each time point. This feature is especially important in a population of children and adolescents, whose brains may be changing substantially between measurements. Our methods also allowed us to more confidently ascribe change in brain structures to exposure of severe glycemic states than has been possible previously.

However, there are also limitations of our study. The fact that our control sample was relatively small may limit our power to detect more subtle deviations in the T1DM group from normal development. Further, despite our careful prospective ascertainment of severe hypoglycemic episodes, there may have been episodes of severe hypoglycemia, including nocturnal hypoglycemia, that were unknown to the families or were not reported to us. Exposure to severe hypoglycemia was very limited during our 2-year follow-up, also restricting our power. Glucose meter readings, while useful, are not comprehensive and may be biased by an individual's treatment regimen or ascertainment related to the subject's blood glucose monitoring practices. Finally, we cannot rule out the possibility that the patterns of change that we observe could be different with very early exposure to glycemic extremes (e.g., before age 7 years).

These findings highlight brain regions that may be vulnerable to glycemic extremes during development. Hyperglycemia accentuated the normal whole brain gray matter reductions during this time, possibly through accelerated pruning or direct cell damage. Severe hypoglycemia reversed the normal increase in white matter volume in the occipital/parietal region, possibly by interfering with normal myelination or direct damage to white matter. Mechanisms behind these vulnerabilities need to be better understood and may require work in animal models to carefully control exposure-related variables. For example, it is not known whether the changes we observed are a direct result of damage or are compensatory in some way. Finally, we need to understand whether there are any functional consequences of this altered neurodevelopment at this stage of exposure. Examination of how exposure to glycemic extremes and regional brain volume changes relate to cognitive functioning over this time period will be important in shedding light on these issues.
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